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(54) Radiation source for use in lithographic projection apparatus 



(57) A radiation, source of a radiation system of a 
lithographic projection apparatus comprises electrodes 
for creating a discharge in a space between them such 
that the discharge collapses into a pinch volume. The 



collapsing discharge creates a highly ioni^:ed, high tem- 
persture plasma in the pinch volume. A working fluid is 
ejected from a jet noz/lo into the pinching volume and 
is thereby raised to a high temperature state and emits 
extreme ultraviolet radiatlcn. 
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Description 

[0001] The present invention relates to radiation 
sources, particularly discharge plasma sources emitting 
EUV radiation such as may be used as the radiation 
source of a lithographic projection apparatus compris- 
ing: 

a radiation source constructed and'arranged to gen- 
erate extreme ultraviolet radiation; 
an Illumination system constructed and arranged to 
receive said extreme ultraviolet radiation and to 
supply a projection beam of said extreme ultraviolet 
radiation; 

patterning means constructed and arranged to pat- 
tern the projection beam according to a desired pat- 
tern; 

a substrate table constructed to hold a substrate; 
and 

a projection system constructed and arranged to 
image the patterned beam onto target portions of 
the substrate. 

[0002] The term "patterning means" should be broad- 
ly interpreted as referring to means that can be used to 
endow an incoming radiation beam with a patterned 
cross-section, corresponding to a pattern that is to be 
created in a target portion of the substrate; the term 
"light valve" has also been used in this context. Gener- 
ally, the said pattern will correspond to a particular func- 
tional layer in a device being created in the target por- 
tion, such as an integrated circuit or other device (see 
below). Examples of such patterning means include: 

A mask table for holding a mask. The concept of a 
mask is well known in lithography, and its includes 
mask types such as binary, alternating phase-shift, 
and attenuated phase-shift, as well as various hy- 
brid mask types. Placement of such a mask in the 
radiation beam causes selective transmission (in 
the case of a transmissive mask) or reflection (in 
the case of a reflective mask) of the radiation im- 
pinging on the mask, according to the pattern on the 
mask. The mask table ensures that the mask. can 
be held at a desired position in the Incoming radia- 
tion beam, and that it can be moved relative to the 
beam if so desired; 
- A programmable mirror array. An example of such 
a device is a matrix-addressable surface having a 
viscoelastic control layer and a reflective surface. 
The basic principle behind such an apparatus isthat 
(for example) addressed areas of the reflective sur- 
face reflect incident light as diffracted light, whereas 
unaddressed areas reflect incident light as undif- 
fracted light. Using an appropriate filter, the said un- 
diffracted tight can be filtered out of the reflected 
beam, leaving only the diffracted light behind; In this 
manner, the beam becomes patterned according to 



the addressing pattern of the matrix-adressable 
. surface. The required matrix addressing can be per- 
formed using suitable electronic means. More infor- 
mation on such mirror arrays can be gleaned, for 

5 example, from United States Patents US 5,296,891 

and US 5,523,193, which are incorporated herein 
by reference; and 

A programmable LCD array. An example of such a 
. construction is given in United States Patent US 
^0 5,229,872, which is incorporated herein by refer- 
ence. 

For purposes of simplicity, the rest of this text may, at 
certain locations, specifically direct itself to examples In- 
15 volving a mask table and mask; however, the general 
principles discussed in such instances should be seen 
in the broader context of the patterning means as here- 
above set forth. 

[0003] For the sake of simplicity, the projection sys- ' 
20 tern may hereinafter be referred to as the "lens"; how- 
ever this term should be broadly Interpreted as encom- 
passing various types of projection system, including re- 
fractive optics, reflective optics and catadioptric sys- 
tems, for example. Further the lithographic apparatus 
25 may be of a type having two or more mask tables and/ 
or two or more substrate tables. 

[0004] Lithographic projection apparatus can be 
used, for example, in the manufacture of integrated cir- 
cuits (ICs). In such a case, the mask (reticle) may con- - 

30 tain a circuit pattern corresponding to an individual layer 
of the IC, and this pattern can be imaged onto a target 
area (comprising" one or more dies) on a substrate (sil- 
icon wafer) which has been coated with a layer of radi- 
ation-sensitive material (resist). In general, a single wa- 

35 fer will contain a whole network of adjacent target areas 
which are successively irradiated via the mask, one at 
a time. In one type of lithographic projection apparatus, 
each target area is irradiated by exposing the entire 
mask pattern onto the target area in one go; such an 

-^0 apparatus is commonly referred to as a wafer stepper 
In an alternative apparatus, which is commonly referred 
to as a step-and-scan apparatus, each target area is Ir- 
radiated by progressively scanning the mask pattern un- 
der the projection beam in a given reference direction 

^5 (the "scanning" direction) while synchronously scanning 
the substrate table parallel or anti-parallel to this direc- 
tion; since, in general, the projection system will have a 
magnification factor M (generally < 1), the speed V at 
which the substrate table is scanned will be a factor M 

50 times that at which the mask table Is scanned. More in- 
formation with regard to lithographic devices as here de- 
scribed can be gleaned from International Patent Appli- 
cation WO 97/33205. 

[0005] In general, apparatus of this type contained a 
55 single mask (first object) table and a single substrate 
(second object) table. However, machines are becom- 
ing available in which there are at least two independ- 
ently moveable substrate tables; see, for example, the 
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multi-stage apparatus described in International Patent 
Applications WO 98/28665 and WO 98/40791 . The ba- 
sic operating principle behind such a nnulti-stage appa- 
ratus is that, while a first substrate table is underneath 
the projection systenn so as to allow exposure of a first 5 
substrate located on that table, a second substrate table 
can run to a loading position, discharge an exposed sub- 
strate, pick up a new substrate, perform some initial me- 
trology steps on the new substrate, and then stand by 
to transfer this new substrate to the exposure position io 
underneath the projection system as soon as exposure 
of the first substrate is completed, whence the cycle re- 
peats itself; in this manner it is possible to achieve a 
substantially increas.ed machine throughout, which in 
turn improves the cost of ownership of the machine. is 
[0006] In a lithographic apparatus the size of features 
that can be imaged onto the substrate is limited by the 
wavelength of the projection radiation. To produce inte- 
grated circuits with a higher density of devices, and 
hence higher operating speeds, it is desirable to be able '^o 
to image smaller features. Whilst mosi current litho- 
graphic projection apparatus employ ultraviolet light 
generated by mercury lamps or excirnor lasers, it has 
been proposed to use shorter wavelength radiation of 
around 1 3nm. Such radiation is termed extreme ultravi- 25 
olet (EUV) or soft x-ray and possible sources include, 
for rnstance, laser-produced plasma sources, discharge 
plasma sources, or synchrotron radiation from electron 
storage rings. An outline design of a lilhcgraphic proiec- 
tion apparatus using synchrotron radiation is described 30 
in "Synchrotron radiation sources and condensers for 
projection x-ray lithography", JB Murphy et al, Applied 
Optics Vol. 32 No. 24 pp. 6920-6929 (1 993). Apparatus 
using discharge plasma sources are described in: W. 
Partio, 1. Fomenkov, R. Oliver, D. Sirx. "Development of 35 
an EUV (13.5 nm) Light Source Employing a Dense 
Plasma Focus in Lithium Vapor", Proc SPIE 3997, pp. 
136-156, 2000; M.W. McGeoch, "Power Scaling of a Z- 
pinch Extreme Ultraviolet Source", Proc SPIE 3997. pp. 
861-866, 2000; and VV.T. Silfvast, M. Klosner, G. Shim- 
kaveg, H. Bender G. Kubiak,N. Fornaciari. "High-power 
plasma discharge source at 13.5 and 11.4 nm for EUV 
lithography", Proc SPIE 3676, pp. 272-275, 1999. 
[0007] In a discharge plasma source, a partially ion- 
ized, low-density and relatively coid plasma is formed 
by an electrical discharge and then compressed so that 
it becomes highly ionized and reaches a very high tem- 
perature, causing the emission of EUV radiation. 
Preionization by, for Instance, a source of RF power may 
be employed to start the discharge and to possibly ere- 50 
ate a well-defined plasma sheet. The geometry of de- 
vices, such as plasma focus, Z-pinch and capillary 
sources, may vary, but in each of these types a magnetic 
field generated by the electrical current of the discharge 
drives the compression. It is essential to optimize the 55 
efficiency and intensity of a discharge plasma source 
because there are few gases which have appropriate 
magneto-hydrodynamic properties to form a plasma 



which can be sufficiently compressed and which also 
emit a sufficiently large amount of radiation in the de- 
sired frequency band. 

[0008] It is an object of the present invention to pro- 
vide an improved plasma source that may be used in a 
lithographic projection apparatus. 

[0009] According to the present invention there is pro- 
vided a plasma radiation source for extreme ultraviolet 
electromagnetic radiation comprising: 

electrodes connected to a source of high electrical 
potential and constructed and arranged to allow a 
first plasma state to compress into a pinch volume 
by an electrical current induced in said first plasma 
state and a corresponding magnetic field; 
a supply for a working fluid to be brought into a high- 
temperature plasma state to emit extreme ultravio- 
let electromagnetic radiation; and 
a primary jet nozzle constructed and arranged to 
eject said working fluid into said pinch volume so as 
to bo brought into said high-temperature plasma 
state by compression of said first plasma state into 
said pinch volume. . ^ 

[0010] Because the EUV radiation is principaily omit- 
ted by the working (primary) fluid, which is raised to a ' 
high-tempefature. radiation-omitting state by [he com- 
pressing discharge, the working fluid can be chosen for 
its efficiency in emitting EUV radiation at ihe desired *" 
wavelength, without being limited by the need for prop- 
erties favorable to forming a discharge*: The working flu- • "^^^ 
id may be. for example, Li vapor Krypton, Xenon, water * 
and ciYogenic liquids. At the same tirhe, a driver fluid, ' 
chosen on the basis of Its magnoto-hydrodynarnic prop- "'^ 
orties to be o/fective at generating a conducting and ef- 
fective compression medium, and on the basis of its 
EUV optical properties, particularly Its transmisslvity at 
the waveicngth(s) of interest, can be supplied to the 
space between the electrodes to assist In formation of 
the discharge. The plasma generating requirements 
and the emiission requirements are therefore decou- 
pled, allowing a wider choice of substance for each com- 
ponent and enabling improvements in the effectiveness 
and efficiency of the source. 

[0011] The provision of fresh working fluid for each 
discharge ("shot") of the source also Increases the pos- 
sible repetition rate of the source by allowing the initial 
state to be reached more quickly each cycle. The fresh 
supply of v/orking fluid also serves to flush pollution from 
the pinch volume, which takes time in the prior art sourc- 
es. Further more, a greater amount of the working fluid 
may be supplied for each discharge since it can be sup- 
plied in a more dense form, such as a cluster or liquid jet. 
[001 2] The density of the working fluid on the emitting 
axis can be increased by suitable arrangement of the 
primary jet so that the ejected fluid has its highest den- 
sity on the emitting axis. A supersonic jet is particularly 
preferred as it provides a jet with a sharply peaked den- 
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sity profile. 

[001 3] In a preferred embodiment of the Invention, the 
radiation source may further comprise: 

a supply for a secondary fluid; and 5 
a secondary jet nozzle constructed and arranged to 
eject said secondary fluid parallel to and spaced 
from the line of ejection of said working fluid. 

[0014] By having a secondary jet nozzle beside the io 
primary jet nozzle the degree of divergence of the pri- 
mary gas may be decreased by the outflow of the sec- 
ondary gas from the secondary jet nozzle. Since a suf- 
ficient density in the primary gas will then be present at 
a larger distance from the jet nozzle outlet, the plasma is 
can thus be created at the larger distance from the noz- 
zle outlet. This prevents the production of debris and its 
associated problems. Further the radiation source may 
be positioned such that the outflow of secondary gas will 
function as a shield, for instance, between optical ele- 20 
ments of the illumination system and parts, such as elec- 
trodes and insulators, of the source on the one hand and 
the high-temperature piasma created on the other hand. 
Such a shield will largely prevent the escape of debris 
particulates towards source parts or optical elements. 25 
The particulates do not pass the screening secondary 
gas or are slowed down and neutralised and are pre- 
vented from causing damaging effects by deposition or 
otherwise. Also, a radiation source having a reduced re- 
absorption of emitted radiation and an increased bright- 30 
ness may be obtained by providing for an XUV radiation 
transparent volume at sides of the pinch volume. 
[0015] In an especially preferred embodiment, the 
secondary jet nozzle encloses the primary jet nozzle. In 
such a case, the secondary nozzle can be annular in 35 
shape or comprise a plurality of nozzles arranged to sur- 
round the primary nozzle. Such a configuration will yield 
an even better control over the divergence of the primary 
gas, and an outflow of the primary gas which is parallel 
. or even convergent over a certain distance from the noz- 40 
zle outlet can be obtained. The secondary gas enclosing 
the primary gas and a high-temperature plasma created 
therein also further prevents the escape of plasma par- 
ticulates from the plasma and provides for an XUV ra- 
diation transparent volume around the pinch volume. In 45 
an optimal configuration, the primary and secondary jet 
nozzles are co-axial. 

[0016] It should be noted that the secondary nozzle 

may provide an initial quantity of the secondary gas to 
assist the initial discharge formation and may then 50 
cease to supply gas. Alternatively the secondary gas 
can be supplied continuously or in pulses to perform the 
functions described above. 

[0017] The secondary gas may comprise at least one 
gas selected from the group comprising helium, neon, ss 
argon, krypton, methane, silane and hydrogen or, in 

general, any EUV transparent gas. Hydrogen is a pre- 
ferred secondary gas since it has superior absorption 



characteristics with respectto EUV radiation. It may thus 
be used in a large flow rale (high local density in the 
outflow), yielding a very efficient confinement of the pri- 
mary gas for divergence control and screening of the 
plasma. 

[0018] The present invention also provides a litho- 
graphic projection apparatus for imaging of a mask pat- 
tern in a mask onto a substrate, said apparatus com- 
prising: 

a radiation source constructed and arranged to gen- 
erate extreme ultraviolet radiation; 
an illumination system constructed and arranged to 
receive said extreme ultraviolet radiation and to 
supply a projection beam of said extreme ultraviolet 
radiation; 

patterning means constructed and arranged to pat- 
tern the projection beam of radiation according to a 
desired pattern; 

a substrate table constructed to hold a substrate 
and 

a projection system constructed and arranged to 
image the patterned beam onto target portions of. 
the substrate; characterized in that: 

said radiation source is as described above. 
[0019] The present invention further provides device 
manufacturing method using a lithography apparatus 
comprising: 

a radiation source constructed and arranged to gen- 
erate extreme ultraviolet radiation; 
an illumination system constructed and arranged to 
receive said extreme ultraviolet radiation and sup- 
ply a projection beam of said extreme ultraviolet ra- 
diation; 

patterning means constructed and arranged to pat- 
tern the projection beam of radiation according to a 
desired pattern; 

a substrate table cbnstmcted to hold a substrate; 
and 

a projection system constructed and arranged to 
Image the patterned beam onto target portions of 
the substrate; the method comprising the steps of: 

providing a projection beam of radiation using said 
radiation source; 

providing a substrate that is at least partially cov- 
ered by a layer of radiation-sensitive material to said 
substrate table; 

patterning the projection beam in its cross-section 
according to a desired pattern; 
imaging the patterned beam onto said target por- 
tions of said substrate; characterized by the step of: 
using a.radiation source as-described above as said 
radiation source. . 

In a manufacturing process using a lithographic pro- 
jection apparatus according to the invention a pat- 
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tern in a mask Is imaged onto a substrate which is 
at least partially covered by a layer of radiation-sen- 
sitive material (resist). Prior to this imaging step, the 
substrate may undergo various procedures, such 
as priming, resist coating and a soft bake. After ex- 
posure, the substrate may be subjected to other 
procedures, such as a post-exposure bake (PEB), 
development, a hard bake and measurement/in- 
spection of the imaged features. This array of pro- 
cedures is used as a basis to pattern an individual 
layer of a device, e.g. an IC, Such a patterned layer 
may then undergo various processes such as etch- 
ing, ion-imp!antation (doping), metallization, oxida- 
tion, chemo-mechanical polishing, etc., all intended 
to finish off an individual layer If several layers are 
required, then the' whole procedure, or a variant 
thereof, will have to be repeated for each new layer. 
Eventually, an array of devices will be present on 
the substrate (wafer). These devices are then sep- 
arated from one another by a technique such as dic- 
ing orsawinc): whence the individual devices can be 
mounted on a carrier, connected to pins, etc. Fur- 
ther informalion regarding such processes can be 
obtained, for example, from the book "Microchip 
Fabrication: A Practical Guide to Semiconductor 
Processing". Third Edition, by Peter van Zant, Mc- 
Gravy Hill Publishing Co.. 1997. ISBN 
0-07-067250-4. 

[0020] Although specific reference may be made in 
this text to the use of the apparatus according to the 
invention in the manufacture of ICs, i: should bo explic- 
itly understood that such an apparatus has many ether 
possible applications. For example, it rr«ay be employed 
in the manufacture of integrated optical systems, guid- 
ance and dolection patterns for magnetic domain mem- 
ories, liquid-crystal display panels, thin-film magnetic 
heads, etc. The skilled artisan will appreciate that. In the 
context. of such alternative applications, any use of the 
terms "reticle", "wafer" or "die" in this text should be con- 
sidered as being replaced by the mere general terms 
"mask", "substrate" and "target portion" or "exposure ar- 
ea", respectively. 

[0021] The present invention and its attendant advan- 
tages will be described below with reference to exem- 
plary embodiments and the accompanying schematic 
drawings, in which: 

Fig. 1 shows a plasma focus source fomriing a radi- 
ation source according to a first embodiment; 
Fig. 2 shows a Z-pinch plasma source forming a ra- 
diation source according to a second embodiment 
of the invention: 

Fig. 3 shows a capillary discharge plasma source 
forming a radiation source according to a third em- 
bodiment of the Invention; 

Fig. 4 depicts a radiation source according to a 
fourth embodiment of the invention: 
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Fig. 5 depicts a radiation source according to a fifth 
embodiment of the invention; 

Fig. 6 depicts a longitudinal section through a 
pulsed jet nozzle source according to a sixth em- 
bodiment of the invention; 

Fig. 7 depicts a front view of the nozzle source of 

Figure 6; and 

Fig. 8 depicts a front view of the nozzle source ac- 
cording to a variant of the sixth embodiment of the 
invention. 

, Fig. 9 depicts a lithographic projection apparatus in 
which radiation sources according to the invention 
can be used. 

In the various drawings, like parts arc indicated by 
like references. 

Embodiment 1 

[0022] Figure 1 shows a plasma focus discharge 
source 210 according to a first embodiment of the 
present invention. The plasma focus discharge source 
210 comprises a generally cylindrical cathode 211 sur- 
rounding an elongate anode 212 with an annular space 
therebetween. A voltage source 214 applies a high volt- 
age between the ancde and cathode sufficient to cause 
ionization of the gas in Jhe annular space so that a dis- 
charge current I begins to flow radially from anode to 
cathode. The discharge current 1 generates a circular 
magnetic field B in It-.e annular space between anode 
and cathode. The ions of the discharge current are driv- 
en by their interaction with the magnetic field B along 
the anode 212, as indicated by arrows 216. The anode 
212 is shorter than the cathode 211 and has a hollow tip 
so that the piasma is driven over the end of the anode 
212 and converges to form a very hot plasma in pinch 
volume 21 8. 

[0023J According to the invention, the plasma is 
formed in a driver gas which fills the annular space be- 
tween anode 212 and cathode 211 between each dis- 
charge. The driver gas is chosen according its magneto- 
hydrodynamic properties to effectively form a conduct- 
ing medium, guiding the current from anode to cathode, 
and, induced by the thus generated magnetic field, com- 
prising the enclosed volume around and onto the axis. 
To provide EUV radiation of the desired wavelength, a 
working (primary) substance, e.g. gas, vapor, clusters 
or liquid, is provided into the enclosed volume and is 
heated by the converging plasma to emit EUV radiation. 
The working substance is chosen for its efficiency in 
emitting EUV radiation at the desired wavelength, e.g. 
about 9 to 16nm, preferably 11 or 13nm, and may be Li, 
Xe or water. 

[0024] The working substance is. preferably emitted 
Into the region of the pinch volume 21 8 of the converging 
plasma as a jet, e.g. a cluster jet or a droplet-like jet, 
appropriately timed to the discharge voltage that is de- 
rived from an appropriately pulsed source 214. The 
working substance can be supplied from a source 215 
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via a bore 21 3 in the anode 21 2 to form a jet 21 7 in the 
hotlow tip of the anode 212. The source 21 5 comprises 
a reservoir of the working substance as well as neces- 
sary pumps, valves, etc to control the jet. 

Embodiment 2 

[0025] A second embodiment of the invention, which 
may be the same as the first embodiment of the inven- 
tion save as described below, comprises a so-called Z- 
pinch plasma discharge source. 

[0026] The Z-pinch plasma discharge source 220 is 

shown in Figure 2. It comprises an annular cathode 221 
and annular anode 222 provided at opposite ends of a 
cylindrical chamber223 having insulating walls. A quan- 
tity of driver (secondary) gas is injected from source 225 
through an annular opening close to the outer wall of the 
cylindrical chamber 223 and pre-ionized. Voltage 
source 224 then applies a high voltage between anode 
■222 and cathode 221 causing a cylindrical discharge 
starting on the insulating walls of the chamber 223 which 
generates an azimuthal magnetic field. The magnetic 
field causes the discharge to contract into a thin axial 
thread, or pinch volume, 229 at high pressure and tem- 
perature. Ceramic plug 226 defines the aperture 
through which the extreme ultraviolet radiation to form 
projection beam PB is emitted. 

[0027] To enhance the emission of EUV, according to 
the invention, a working substance is jetted into the re- 
gion of the pinch volume 229 in chamber 223 from 
source 227 at an appropriate time to be entrained with 
and compressed by the plasma discharge. As in the first 
embodiment, the driver gas can be chosen for its effec- 
tiveness in generating a high-temperature plasma and 
the working substance for its efficiency in emitting EUV 
radiation of the desired wavelength. 

Embodiment 3 

[0028] A third embodiment, which may be the same 
as the first embodiment, save as described below, com- 
prises a capillary discharge plasma source. 
Figure 3 shows the capillary discharge source 230, 
which has a cathode 231 and anode 232 forming the 
end plates of a small chamber 233. The anode 232 has 
a small central through-hole aligned with a narrow cap- 
illary 236 formed in an insulator 235 which covers the 
side of the anode 232 which faces the cathode 231 and 
the side walls of the chamber 233. A discharge will be 
formed in the capillary 236, which, as In the previous 
embodiments, will compress on the axis of the capillary 
into a pinch volume to create a highly-ionised, high-den- 
sity plasma having a high temperature. The emission 
aperture is defined by aperture pjate 237. 
[0029] According to the invention, a working (primary) 
substance is jetted into capillary 236 from source 238. 
As in the previous embodiments, a driver gas can be 
chosen for its effectiveness in generating a high-tem- 



perature plasma and the working substance for its effi- 
ciency in emitting EUV radiation of the desired wave- 
length. 

[0030] In the third embodiment, and also the first and 
5 second embodiments, the driver gas can be injected into 
the chamber for each discharge (shot) of the source. 
The working and driver gasses can be ejected, e.g., by 
a two part annular nozzle, as will be described in the 
seventh and eight embodiment. This provides for a de- 
10 creased divergence of the jet of working fluid ejected 
and for a shielding gas around, the pinch volume to in- 
crease the efficiency of the source. The primary jet noz- 
zle preferably provides for a supersonic jet to have a 
sharply-peaked density distribution of the working gas 
15 on-axis of the ejection from the jet nozzle. 

Embodiment 4 

[0031] Figure 4 shows a fourth embodiment of a radi- 
20 atlon source according to the invention, which is a van. 
iant of the first embodiment described above. The Fig- 
ure shows the configuration of anode 110 and cathode 
1 20; which are kept separated by an electrical Insulator 
130 and which are connected to a capacitor bank 140. 
25 Acentralpartofthe radiation source has cylindrical sym- 
metry around central axis A. Figure 8 further shows an 
annular cathode aperture 121 and an annular cathode 
cavity 122 around central axis A. 

[0032] A driver gas or vapor is supplied to cavity 1 22 
30 via an inlet 125 so as to provide a low pressure within 
the cavity. In the present embodiment, argon (Ar) is tak- 
en as the driver gas, but basically any gas, such as for 
Instance helium (He), neon (Ne) and hydrogen (H2), Is 
suitable. Hydrogen may be specially preferred since it 
35 shows a low absorption of radiation in the EUV range. 
The driver gas inside cavity 122 is used as a source of 
electrons to start a discharge between anode and cath- 
ode. 

[0033] The cathode cavity 122 surrounds a (primary) 

40 working gas or vapor source 1 60, which ejects a working 
gas or vapor in the anode-cathode gap in a region 
around central axis A. The working gas or vapor is cho- 
sen for its spectral emission characteristics as a plasma. 
The present embodiment uses lithium (Li) for its very 

45 strong emission line at approximately 13.5 nm. Xenon 
(Xe) may also be used, which has a broad emission 
spectrum in the XUV (and EUV) region of the electro- 
magnetic radiation spectrum. The LI source 160 shown 
comprises a heater 1 61 below a container 1 62 contain- 

50 ing solid lithium. Vaporized Li reaches the anode-cath- 
ode gap. through a supersonic (Laval) nozzle 163, how- 
ever other types of nozzle may also be used. 
[0034] A . trigger electrode 150 is inserted in cathode 
cavity 122. Electrode 150 Is connected to appropriate 

55 electrical circuitry (not shown in Figure 8) for applying a 
voltage pulse to the electrode to start the discharge de- 
scribed below. Initially, the radiation source is close to 
auto-triggering. A voltage pulse applied to trigger elec- 
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trode 150 causes a disturbance of the electrical field 
within cathode cavity 122, which will caOse triggering of 
the hollow cathode and the formation of a breakdown 
channel and subsequently a discharge between cath- 
ode 120 and anode 110. 

[0035] An Initial discharge may take place at low initial 
pressure (p < 0.5 Torr) and high voltage (V < 1 0 kV) con - 
ditions, for which the electron nnean free path is large 
connpared to the dimension of the anode-cathode gap, 
so that Townsend ionization Is ineffective. Those condi- 
tions are characterized by a large electrical field strength 
over gas or vapor density ratio, E/N. This stage shows 
rather equally spaced equipotcntial lines having a fixed 
potential difference. 

[0036] The ionization growth is Initially dominated by 

events inside the hollow cathode that operates at con- 
siderable lower E/N, resulting in a smaller mean free 
path for the electrons. Electrons e from hollow cathode 
120, and derived from a driver gas or vapor within cavity 
122. are injected into the anode-cathode gap, a virtual 
anode being created with ongoinc; ioi>i;iation, which vir- 
tual anode propagates from anode 110 towards hollow 
cathode 120, bringing the full anode potential close to 
the cathode. The electric field inside the hollow cavity 
122 of cathode 120 is now significantly enhanced. 
[0037]. In the next phase, the iooivation continues, 
leading to a rapid development of a region with high ion 
density Inside the hollow cathode. imn>ediately behind 
the cathode aperture 121. Finally injection of an intense- 
beam of electrons 126 from this region into the anode- 
cathode gap, forms the final breakdown channel. The 
configuration provides for a unifomi pre-ionization and 
breakdown In the discharge volume. 
[0033] When a working gas or vapor has been ejected 
from source 160 and a discharge has been initiated, a 
partially Ionized, lovz-density and relallvely cold plasma 
of the working gas or vapor is created In the anode-cath- 
ode gap above aperture 121. An electrical current will 
be flowing within the plasma from c.ndiode 120 to anode 
110, which current wiii induce an azimuthal magnetic 
field, having magnetic field strength around the radi- 
ation source. The azimuthal magnetic field causes the 
partially Ionized plasma above cathode aperture 121 to 
compress toward central axis A. 

[0039] Dynamic compression of the plasma will take 
place, because the pressure of the azimuthal magnetic 
field is much larger than the thermal plasma pressure: 
H^/Bti > > nkT n which n represents plasma particle den- 
sity, k the Boltzmann constant and T the absolute tem- 
perature of the plasma. Electrical energy stored in ca- 
pacitor bank 140 connected to anode 110 and cathode 
120 will most efficiently be converted into energy of the 
kinetic implosion during the full time of the plasma com- 
pression. A homogeneously filled pinch volume with a 
high spatial stability is created. 

[0040] At the final stage of plasma compression, i.e. 
plasma stagnation in the pinch volume on central axis 
A, the kinetic energy of the plasma is converted into ther- 



mal energy of the plasma and finally Into electromag- 
netic radiation having a very large contribution in the 
XUV range. 

[0041 ] Radiation emitted from a collapsed plasma will 
5 pass through an opening 111 in the anode 110 into a 
vacuum chamber 170 that is evacuated through open- 
ing 171 in a wall of the vacuum chamber. Plasma and 
debris particles may also escape through opening 111 . 
A flywheel shutter 1 80 is present to block these particles 
10 when no XUV radiation pulse is emitted for preventing 
them to reach any optical elements in the radiation path 
of the XUV radiation to the projection system PL. 

Embodiment 5 

15 

[0042] Figure 5 depicts a fifth embodiment of the in- 
vention, which is a variation of the fourth embodiment 
and further shields the aperture region of cathode 120 
from plasma collapse at central axis A. Both anode 110 

-0 and cathode 120 have a "hat-like" struclure. Annular 
cathode cavity 122 and aperture 121 are located at the 
bottom side of the hat. A partially ionized, iow-density 
and relatively cold plasma created by a discharge at ap- 
erture 121 will compress upwards and . "around the cor- 

^5 ncr" towards central axis A. Further, the positions of an- 
ode 110 and cathode 120 have been interchanged. 
Cathode 120 is located on the outside of the configura- 
tion and comprises aperture 123 for passing XUV radi- 
ation to vacuum chamber 170. 

30 [0043] However, the density of the working gas or va- 
por, also Li vapor in the present embodiment, may be . 
too low at annular aperture 121 of cathode 120 for ere-, 
ating a discharge and a plasma. In embodiment 6, the 
radiation source is configured so as to yield a sufficiently 

35 high pressure of the driver gas or vapor, Ar in the present 
embodiment, within the anode-cathode gap in the re- 
gion atthc annular aperture 121 for creating a discharge 
in the driver gas. The resulting plasma of the driver gas 
v/ill start to compress towards central axis A and at some 

-^0 point cncvounter a sufficiently high pressure of the work- 
ing gas or vapor to create a plasma of the working gas 
or vapor which will then further compress until stagna- 
tion Into a pinch volume on central axis A. The plasma 
of the driver gas or vapor niay even first have to go 

■^5 "around the corner" to reach a sufficiently high pressure 
of the working gas or vapor. 

Embodiment 6 

50 [0044] A radiation source according to a sixth embod- 
iment of the invention is shown schematically in Figure 
6 and 7 and comprises primary and secondary jet noz- 
zles 10 and 20 and a supply of prim.ary and secondary 
gases 11 , 21 to the primary and secondary jet nozzles, 
55 respectively. In this embodiment, both jet nozzles are 
pulsed jet nozzles, in which both supply lines 11, 21 
comprise valves which are opened at certain Instants In 
time to supply a pulse of primary and secondary gases 
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to the respective jet nozzles. 

[0045] Figure 6 shows a longitudinal section through 
the jet nozzle source for the primary and secondary gas- 
es. Figure 7 shows a front view of the nozzle source. 
The primary and secondary jet nozzles are arranged co- 
axial, the secondary jet nozzle 20 enclosing the primary 
jet nozzle 10. The primary jet nozzle 10 has a circular- 
outlet 13 and the secondary nozzle 20 has a annular 
outlet 23. Plungers 1 2 and 22 are arranged in the supply 
of the primary and secondary gases 11 and 21 , respec- 
tively, and may be independently operated to close, off 
their respective supply by abutting against a tapered 
end of the supply. In this way valves are obtained for 
opening and closing the respective supplies to yield a 
pulsed outflow of the primary and secondary gasses. 
However, pulsed nozzles may be obtained in various 
other configurations. The plungers 12, 22 are operated 
by means which are not shown in the drawings. Further, 
the use of continuous nozzles is also possible. 
[0046] When a pulse of primary gas and no pulse of 
secondary gas is ejected from the nozzle source, the 
outflow of the primary gas 15 from the jet nozzle outlet 
1 3 will be strongly divergent. Ejecting a pulse of second- 
ary gas 25 as well results in a less divergent or even 
parallel or convergent outflow of the primary gas 1 5. An 
optimum outflow of the primary gas for the radiation 
source can be reached by varying one or more of sev- 
eral parameters. One of these parameters is the supply 
rate of secondary gas to the secondary jet nozzle 20 
with respect to the supply rate of primary gas to the pri- 
mary jet nozzle 10. Another parameter is the timing of 
the pulse of secondary gas with respect to the timing of 
the pulse of primary gas. It appears that an appropriately 
delayed pulse of primary gas with respect to the pulse 
of secondary gas results in a less divergent beam if the 
secondary gas is a lighter gas than the primary gas as 
compared to a non-delayed pulse at the same flow rates 
of primary and secondary gasses. Other relevant pa- 
rameters are the backing pressures of the gases in the 
nozzle source and the jet geometry. The optimum pa- 
rameters will depend on the gases or liquids used and 
on the specific geometry of the primary and secondary 
jet nozzles. 

[0047] The primary gas of the sixth embodiment of the 
radiation source comprises krypton or xenon, which 
may be supplied pure or in a mixture with other (inert) 
gases. A xenon plasma, for instance, has been shown 
to emit a large contribution of extreme ultraviolet radia- 
tion. In an alternative embodiment water droplets or cry- 
ogenic liquids, such as liquid xenon, in a carrier gas may 
be used as a primary liquid. The secondary gas may be 
selected from the group comprising helium, neon, ar- 
gon, krypton, methane, silane and hydrogen. 
[0048] In the preferred embodiment the secondary 
gas is hydrogen, because hydrogen hardly absorbs ex- 
treme ultraviolet radiation. Since hydrogen has favora- 
ble absorption characteristics with respect to extreme 
ultraviolet radiation, a very large outflow of hydrogen 



from the secondary nozzle can be employed, resulting 
in a high local density in the outflow. A lighter secondary 
gas is expected to provide worse confinement of xenon 
as a primary gas with respect to a heavier secondary 

5 gas due to the smaller momentum transfer in a collision. 
The much larger outflow and higher pressure of hydro- 
gen which can be employed in the radiation source ac- 
cording to the invention overcompensates for the small- 
er mass of hydrogen with respect other secondary gas- 

^0 ses, due to the considerably larger local pressures 
which can be tolerated. 

[0049] With the above jet nozzles a less divergent, 

confined or an approximate parallel outflow of the work- 
ing (primary) gas from the primary jet nozzle 1 0 may be 

^5 obtained to receive the ejected working gas in a rather 
confined region at the pinch volume, which is preferably 
located at some distance from the nozzle source outlet 
to not produce debris from the jet nozzle by interaction 
of the plasma with the nozzle. A continued ejection of 

20 secondary fluid from the annular secondary jet nozzle 
will provide for a gas shield around the compressed 
high-temperature plasma in the pinch volume to block 
or slow down and neutralize any fast particulates that 
will be emitted from the hot plasma. Parts of the source, 

25 and possibly also optical elements comprised in the il- 
luminator of a lithographic projection apparatus, are 
thus protected from damage by such fast particulates or 
from deposition of those particulates. Further, the flush- 
ing gas shield of secondary gas also provides for an en- 

30 vironment around the pinch volume, which is highly 
transparent for the generated XUV radiation when an 
appropriate secondary fluid is chosen. Heavy (metal) 
particles, for instance, eroded from the electrodes or pri^- 
mary Xenon (working) gas that might be present around 

35 the high-temperature plasma in the pinch volume would 
cause a large absorption of the XUV radiation generat- 
ed. 

[0050] Figure 8 schematically shows a front view of a 
nozzle source used in a variant of the radiation source 

40 according to the sixth embodiment of the invention. The 
variant differs from the basic arrangement of the sixth 
embodiment in that the secondary nozzle is positioned 
at one side of the primary nozzle. The Figure shows the 
outlets 13 and 23 of the primary and secondary jet noz- 

45 zies, respectively. The divergence of the outflow from 
the primary nozzle may for this embodiment only con- 
trolled at this one side, which may be convenient in 
some applications. An embodiment in which the sec- 
ondary jet nozzle partly encloses the primary jet nozzle, 

50 or having, for instance, outlets of the secondary jet noz- 
zle on opposite sides of or all around the outlet of the 
primary jet nozzle may also be envisaged. 

Lithographic Apparatus 

55 

[0051] Figure 9 schematically depicts a lithographic 
projection apparatus 1 in which the radiation sources ac- 
cording to the invention may be used. The apparatus 
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comprises: 

• a radiation system LA, IL for supplying a projection 
beam PB of EUV radiation; 

•* a first object table (mask table) MT provided with a 5 
first object (mask) holder for holding a mask MA (e. 
g. a reticle), and connected to first positioning 
means PM for accurately positioning the mask with 
respect to item PL; 

• a second object table (substrate table) WT provided io 
with a second object (substrate) holder for holding 
a substrate W (e.g. a resist-coated silicon wafer), 
and connected to second positioning means PW for 
accurately positioning the substrate with respect to 
item PL; is 

• a projection system ("lens") PL (e.g. a refractive, 
catadioptric or reflective system) for imaging an ir- 
radiated portion of the mask MA onto a target por- 
tion C (die) of the substrate W. 

20 

[0052] As here depicted, the apparatus is ot a reflec- 
tive typo (i.e. has a reflective mask). However. in gen- 
eral, it may also be of a transmissivo type, for example. 
[0053] The radiation system comprises a source LA 
which may bo any of the radiation sources described 25 
above and which produces a beam of extreme ultravio- 
let (EUV) radiation. This beam is passed along various 
optical components included in illumination system 
("lens") IL so that the resultant beam PB is collected in 
such a way as to give illumination of the desired shape 30 
and intensity distribution at the entrance pupil of the pro- 
jection system and the mask. 

[0054] The beam PB subsequently impinges upon the 
mask MA which is held in the mask holder on the mask 
table MT. Having been selectively reflected by the mask 35 
MA, the beam PB passes through the lens PL. which 2. 
focuses the beam PB onto a target area C of the sub- 
strate VV. With the aid of the interferometric displace- 
ment measuring means IF and positioning means PW, 3. 
the substrate table WT can be moved accurately, e.g. 40 
so as to position different target areas C in the path of 
the beam PB. Similarly, the positioning means PM and 
Interferometric displacement measuring means IF can 4. 
be used to accurately position the mask MA with respect 
to the path of the beam PB. In general, movement of the ^5 
object tables MT, WT will be realized with the aid of a 
long stroke module (course positioning) and a short 
stroke module (fine positioning), which are not explicitly 5. 
depicted in Figure 9. 

[0055] The depicted apparatus can be used in two dif- 50 
ferent modes: 

6. 

1. In step mode, the mask table MT is kept essen- 
tially stationary, and an entire mask image Is pro- 
jected in one go (i.e. a single "flash") onto a target ss 
area C. The substrate table WT is then shifted in 7. 
the X and/or Y directions so that a different target 
area C can be irradiated by the beam PB: 



2. In scan mode, essentially the same scenario ap- 
plies, except that a given target area C is not ex- 
posed in a single "flash". Instead, the mask table 
MT is movable in a given direction (the so-called 
"scan direction", e.g. the Y direction) with a speed 
V, so that the projection beam PB is caused to scan 
over a mask image; concurrently, the substrate ta- 
ble WT is simultaneously moved in the same or op- 
posite direction at a speed V = Mv, in which M is the 
magnification of the lens PL (typically, M = 1/4 or 
1/5). In this manner, a relatively large target area C 
can be exposed, without having to compromise on 
resolution. 



Claims 

1. A plasma radiation source for extreme ultraviolet 
electromagnetic radiation comprising: 

Glccirodcs connected to a source of high eiec- 
trical potential and constructed and arranged to 
allow a first plasma state to compress into a 
pinch volume by an electrical current induced 
in said firsl plasma state and a corresponding 
magnetic field; 

a supply for a working fluid to, be brought into a 
high-tempcrature plasma state to emit extreme 
ultraviolet eleclromagnetic radiation; and 
a primary jot nozzle constructed and arranged 
to eject said working fluid into said pinch vol-/. 
ume so as to be brought into. said high-temper^ 
ature plasma state by compression of said tirst 
plasma stale into said pinch ivolume. 

A radiation source according to claim 1 wherein said 
v-/orking fluid is liquid. 

A radiatio.n source according to claim 2 wherein said 
jet nozzle jets said working fluid in a cluster jet or a 
droplet-like jet. 

A radiation source according to any one of claims 1 
to 3 wherein said working fluid is selected from the 
group comprising Li vapor, Krypton. Xenon, water 
and cryogenic liquids. 

A radiation source according to any one of claims 1 
to 4 wherein said radiation source is a plasma focus 
source. 

A radiation source according to any one of claims 1 
to 4 wherein said radiation source Is a Z-pinch plas- 
ma source. 

A radiation source according to any one of claims 1 
to 4 wherein said radiation source is a capillary dis- 
charge plasma source. 
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8. A radiation source according to claim 5 wherein said 
electrodes comprise an anode and a cathode con- 
figured and arranged to create a plasma by a dis- 
charge in a driver fluid between said anode and said 
cathode, said cathode comprising a hollow cavity 5 
having an aperture and said aperture having a sub- 
stantially annular configuration around a central ax- 
is of said radiation source. 

9. A radiation source according to claim 8, wherein io 
said cavity has a substantially annular configuration 
around the central axis of the radiation source. 

10. A radiation source according to claim 8 or 9, where- 
in said working fluid is supplied in a region around is 
said central axis in between said anode and cath- 
ode. 

11. A radiation source according to claim 10, wherein 
said working fluid Is supplied along said central axis. 20 

12. A radiation source according to any one of the pre- 
ceding claims, further comprising: 



a supply for a secondary fluid; and 
a secondary jet nozzle constructed and ar- 
ranged to eject said secondary fluid parallel to 
and spaced from the line of ejection of said 
working fluid. 

13. A radiation source according to claim 12, wherein 
said secondary jet nozzle encloses said primary jet 
nozzle. 



25 
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14. A radiation source according to claim 13, wherein 35 
the primary and secondary jet nozzles are co-axial. 

15. A radiation source according to any one of claims 
12 to 14, wherein the secondary fluid comprises at 
least one gas selected from the group comprising 40 
helium, neon, argon, krypton, methane,, silane and 
hydrogen. 

16. A radiation source according to any one of the pre- 
ceding claims, wherein, said primary jet nozzle Is a ^5 
pulsed jet nozzle. 

17. A radiation source according to any one of the pre- 
ceding claims, wherein said primary jet nozzle Is a 
super-sonic jet nozzle. so 

18. A radiation source according to any one of the pre- 
ceding claims wherein said extreme ultraviolet ra- 
diation comprises radiation having a wavelength in 21. 
the range of from 8 to 20nm, especially 9 to 1 6 nm. 55 



paratus comprising: 

a radiation source constructed and arranged to 
generate extreme ultraviolet radiation; 
an illumination system constructed and ar- 
ranged to receive said extreme ultraviolet radi- 
ation and to supply a projection beam of said 
extreme ultraviolet radiation; 
patterning means constructed and arranged to 
pattern the projection beam of radiation accord- 
ing to a desired pattern; 

a substrate table constructed to hold a sub- 
strate; and 

a projection system constructed and arranged 
to image the patterned beam onto target por- 
tions of the substrate; characterized in that: 

the radiation source is according to any one 
of the preceding claims. 

20. A device manufacturing method using a lithography 
apparatus comprising: 

a radiation source constructed and arranged to 
generate extreme ultraviolet radiation; 
an illumination system constructed and ar- 
ranged to receive said extreme ultraviolet radi- 
ation and supply a projection beam of said ex- 
treme ultraviolet radiation; 
patterning rneans constructed and arranged to 
pattern the projection beam of radiation accord- 
ing to a desired pattern; 

a substrate table constructed to hold a sub- 
strate; and 

a projection system constructed and arranged 
to image the patterned beam onto target por- 
tions of the substrate; the method comprising 
the steps of: 

providing a projection beam of radiation using 

said radiation source; 

providing a substrate that is at least partially 
covered by a layer of radiation-sensitive mate- 
rial to said substrate table; 
patterning thef projection beam in Its crossrsec- 
tion according to a desired pattern; 
imaging the patterned beam onto said target 
portions of said substrate; characterized by the 
step of: 

using a radiation source according to any one 
of claims 1 to 19 as said radiation source. 



A device manufactured in accordance with the 
method of claim 20. 



19. A lithographic projection apparatus for imaging of a 
mask pattern in a mask onto a substrate, said ap- 



10 



EP 1 109 427 A2 




11 



EP 1 109 427 A2 



Fig. 4 j 



170 




12 



EP 1 109 427 A2 



Fig. 6 



20 




10 



13 



EP 1 109 427 A2 




14 



